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3D RECONSTRUCTION OF MOTOR PATHWAYS FROM TRACT TRACING 
IN THE RHESUS MONKEY 
MICHAEL CONNERNEY 
ABSTRACT 
Magnetic resonance imaging (MRI) has transformed the world of non-invasive imaging 
for diagnostic purposes. Modern techniques such as diffusion weighted imaging (DWI), 
diffusion tensor imaging (DTI), and diffusion spectrum imaging (DSI) have been used to 
reconstruct fiber pathways of the brain – providing a graphical picture of the so-called 
“connectome.” However, there exists controversy in the literature as to the accuracy of 
the diffusion tractography reconstruction. Although various attempts at histological 
validation been attempted, there is still no 3D histological pathway validation of the fiber 
bundle trajectories seen in diffusion MRI. Such a validation is necessary in order to show 
the viability of current DSI tractography techniques in the ultimate goal for clinical 
diagnostic application. This project developed methods to provide this 3D histological 
validation using the rhesus monkey motor pathway as a model system. By injecting 
biotinylated dextran amine (BDA) tract tracer into the hand area of primary motor cortex, 
brain section images were reconstructed to create 3D fiber pathways labeled at the axonal 
level. Using serial coronal brain sections, the BDA label was digitized with a high 
resolution digital camera to create image montages of the fiber pathway with individual 
sections spaced at 1200 micron intervals through the brain. An MRI analysis system, 
OSIRX, was then used to reconstruct these sections into a 3D volume. This is an 
important technical step toward merging the BDA fiber tract histology with diffusion 
 vi
MRI tractography of the same brain, enabling identification of the valid and inaccurate 
aspects of diffusion fiber reconstruction. This will ultimately facilitate the use of 
diffusion MRI to quantify tractography, non-invasively and in vivo, in the human brain.  
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INTRODUCTION 
 
History of Tract Tracing and MRI 
 
The introduction of magnetic resonance imaging (MRI) and other imaging 
techniques have revolutionized the way we visualize the human body, pioneering a new 
age of non-invasive diagnostic medicine. These advances have been particularly useful in 
pathology, for the sensitivity of the brain and nervous tissue to physical damage hinders 
invasive biopsies and other exploratory procedures. Imaging the brain using standard 
MRI techniques are invaluable for visualizing the gross anatomy of the in vivo brain, 
making abnormal inclusions from cancer or gross anatomical damage visible. However, 
white matter pathologies such as those found in MS and aging are not readily resolved in 
regular MRI. The need to visualize white matter bundles led to the development of 
diffusion tensor magnetic resonance imaging (DTI), which could identify some level of 
white matter pathway organization in vivo (Basser, Mattiello, & LeBihan, 1994; Le Bihan 
et al., 2001; Pierpaoli, Jezzard, Basser, Barnett, & Di Chiro, 1996). DTI on its own could 
only visualize major bundles of white matter tracts without detailed information such as 
the endings of the tracts, the integrity of tracts, or individual axons. A more sophisticated 
version of MRI known as diffusion spectrum imaging (DSI) can show individual tract 
orientations to a finer detail than DTI (Wedeen, Hagmann, Tseng, Reese, & Weisskoff, 
2005). The resolution of DSI imaging with applied tractography algorithms has increased 
dramatically over the last decade, ultimately being able suggest the presence of a grid-
like network of white matter bundle orientations. This lattice network has multiple 
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crossings of bundles at 90° angles, a departure from the previously described smooth 
curvature directionality of white matter tracts (Schmahmann & Pandya, 2006; Wedeen et 
al., 2012b). The accuracy and methodology of the grid-lattice white matter bundles 
shown by Wedeen et al. (2012b) was questioned by Catani et al. (2012), where such a 
grid-lattice of projections could simply be a result of noise amplification (Catani, Bodi, & 
Dell’Acqua, 2012). Wedeen et al. (2012a) responded to this question by reaffirming the 
accuracy of their DSI methodology, but controversy remains until such features can be 
histologically shown in a 3D reconstruction of the same motor pathway (Wedeen et al., 
2012a). 
MRI relies on the presence of hydrogen nuclei, or protons, in tissue mass. The 
molecules within tissue are replete with protons, especially due to the omnipresence of 
water. These protons can be manipulated in the presence of a strong magnetic field, 
where a radio frequency electromagnetic field can alter the alignment of the protons in 
the direction of the field. When the magnetic field is turned off, the protons return to their 
original magnetic orientation, also known as their equilibrium state (McRobbie, 2003). 
When protons return to their equilibrium state, they release radiofrequency (RF) energy, 
which is the signal detected by the MRI. The time it takes for protons to return to their 
equilibrium states is called the T1, which differs between varying tissues and water 
concentrations. MRI scanners take the differences in T1’s detected in tissue and recreate 
this contrast as an image with differing light densities. This T1-weight image uses spin-
lattice relaxation of the protons returning to their equilibrium states, and T1-weighted 
images are useful for detecting the differences between cortex and white matter. The 
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inverse of T1 images are T2-weighted images, or spin-lattice relaxation, where the signal 
detected is a decay function from the magnetized alignment to the original alignment. 
This can be useful for detecting white matter lesions and pathologies with subtle 
differences in water concentrations. These contrasts in T1 or T2 are collected in the unit 
of voxels, a volumized pixel 3D block part of a uniformly-spaced grid network. Each 
voxel data determines the contrast of T1 or T2 and allows this difference to be visualized 
as varying light densities across varying tissue mass (Callaghan, 1993). 
In order to resolve individual white matter pathways, MRI data requires greater 
resolution and contrast. In 1990, Cohen Moseley et al. implemented a new method of 
detecting structures via MRI by using the anisotropy of water (Moseley et al., 1990). 
Water, like most molecules in tissue, constantly moves around according to Brownian 
motion (Posse, Cuenod, & Le Bihan, 1993).  Since tissue is segmented with regions of 
higher and lower water densities, the movement of water in these regions should differ as 
well. Isotropic diffusion means that molecules are completely unrestricted in every 
direction, whereas anisotropic diffusion means that certain restrictions are placed upon 
the movements of the molecules. Such would be the case for water molecules along 
axons, which are able to diffuse much more readily in the longitudinal dimension versus 
the transverse (Basser & Pierpaoli, 1996). Cohen et al. used anisotropy with their MRI 
analysis to take into account the directional diffusion of water molecules in tissue, and 
using that data contrast between finer neuroanatomical structures was possible. This 
process was first pioneered by Stejskal and Tanner (1965), where a “field gradient pulse” 
method of magnetic field distribution related to the diffusion of water occurring in a 
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sample (Stejskal & Tanner, 1965). These methods are known as diffusion weighted 
imaging (DWI), where the voxel intensity correlates to localized water diffusion rates.  
DWI is able to delineate white matter in 2D images, but more analysis is required 
for 3D imaging. A popular method of 3D reconstruction is diffusion tensor MRI, or DTI. 
MRI specifically detects the probability density function known as p, which describes the 
random Brownian motion that molecules move in over time. DTI detects the anisotropy 
of  p using statistics that are rotationally fixed, creating directionality (Alexander, 2006). 
Diffusion tensor can also use the eigenvalues of the created eigenvectors to create a 
model for p in 3 dimensions.  From these, Gaussian functions are used to determine the 
distribution of eigenvalues in the recorded data. This can normalize the standard 
deviation of eigenvalues, creating anisotropy statistics such as fractional anisotropy 
(Basser & Pierpaoli, 1996). The fractional anisotropy gives information to the level of 
restriction that water molecules encounter, indicating their directionality in 3 dimensions. 
DTI is simple, as many machines come with the capabilities to process the information, 
and the scans are usually quick, only requiring a minimum of 7 scans. However, DTI 
does have the limitation that it often has poor approximation accuracy to the data. The 
fiber orientations are not flexible and only one such orientation estimation can be used in 
individual voxels. When these Gaussian models for estimating and visualizing p fail, DTI 
fails as an accurate method to delineate white matter in 3D (Alexander, 2006). 
Another more advanced variant of DWI for visualizing white matter pathways is 
diffusion spectrum imaging (DSI), which takes into account intra-voxel heterogeneities 
of diffusion orientations (Moseley et al., 1990). Instead of relying on artificial Gaussian 
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modeling to determine p, DSI directly reconstructs this value using a combination of data 
acquired in a pre-set grid lattice computed with fast Fourier transformations (Alexander, 
2006). By using this method, the p values can be analyzed as various sets of 
displacements placed upon the original grid matrix, ultimately eliminating the need for 
exterior Gaussian models. Resolution is also improved using DSI. Fiber tracts often cross 
over each other at a very fine resolution, most of which would not work with the fixed-
orientation voxel of DTI data.  
By separating the acute differences of diffusion within voxels, fractional 
anisotropy can be estimated with a much greater level of detail. Using specific algorithms 
for MR tractography, DSI can enable an isotropic resolution of 400µm x 400µm x 400µm 
(Wedeen et al., 2012b). This version of MRI is a 3D image of bundles and their 
directionality and respective location within the brain is conserved. However, typical 
resolution of clinical DSI information is 2×2×2 mm, with the most advanced DSI 
isotropic resolution being 400µm x 400µm x 400µm, leaving much of the individual 
axonal microstructure and directionality unresolved (Wedeen et al., 2012b). Axons can 
range between 0.1µm - 10µm, meaning that much of that individual axonal connectivity 
and directionality cannot be deciphered by DSI alone (Perge, Niven, Mugnaini, 
Balasubramanian, & Sterling, 2012). In addition to issues in voxel resolution of DSI, the 
MR tractography is vulnerable to noise and incomplete voxels (Basser, Pajevic, Pierpaoli, 
Duda, & Aldroubi, 2000). MR tractography calculates the axon tracts by the levels of 
fractional anisotropy detected with DSI, creating a series of vectors that can be estimated 
as white matter tracts. These tract orientations are contained within voxels, and if these 
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tracts commence with noisy voxels, it will only further accumulate to recreate potentially 
false axon pathways (Basser et al., 2000; Tench, Morgan, Blumhardt, & Constantinescu, 
2002). 
These shortcomings illustrate a major problem with DSI and applied MR 
tractography: current analyses that compare DTI or DSI tractographies to the 
directionality of individual axon tracts in the postmortem histological reconstruction of 
the same brain do not account for the fine bundle trajectories. Studies have compared MR 
tractography to 3D histological reconstructions in the same brain (Dauguet et al., 2007; 
Seehaus et al., 2013), but these studies were not focused on validating  individual 
trajectories of white matter tracts. These projections are often assumed to be smooth 
contours of white matter, as seen in anatomy textbooks and autoradiograph tracing 
studies ((Schmahmann & Pandya, 2006). These histological validations compared low 
resolution histology 3D reconstructions to DTI on a broader scale, unable to resolve the 
finer architecture and morphology of specific white matter bundle orientations. The use 
of extremely-high resolution DSI and high fidelity neurotracers such as BDA are 
necessary to validate the MRI data on a detailed scale. MR tractography takes certain 
approximations in recreating the 3D axons, and without a histological comparison, there 
is no absolute way to ascertain the true orientation of the visualized white matter bundles. 
The answer to this problem is a histological 3D reconstruction of a white matter pathway 
that also has DSI information, thus enabling MR tractography. Comparison between 
these two sources of information would dramatically improve our interpretation of DSI 
data, and ultimately give a standard to ground MR tractography information. Our project 
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addresses the histological aspect in solving the bundle orientation validation problem: 
creating a 3D reconstruction of the motor pathway – one of the most heavily studied 
white matter projection pathways – in a rhesus macaque brain that had prior DSI 
recordings. 
 
Previous Attempts at Tract Tracing 
 
Creating a histological 3D reconstruction of a rhesus monkey brain first requires 
the selective staining of axons. The literature has shown a variety of techniques to stain 
axons. In 1902, Max Bielschowsky introduced a silver impregnation method similar to 
the technique originally devised by Cajal. This stain could not differentiate between 
intact and degenerating nerve terminals, so a further modified double silver impregnation 
was devised by Walle Nauta to distinguish degenerated nerve terminals from healthy 
Ones (W. J. Nauta & Gygax, 1954; W. J. H. Nauta & Gygax, 1951). This method was 
useful for visualizing axons, but required ablation-degeneration before the silver 
impregnation step, and this stain could ultimately still be unpredictable. The next-
generation of anterograde tract-tracing methods emerged in the 1970’s with isotope 
autoradiography of axons (Cowan, Gottlieb, Hendrickson, Price, & Woolsey, 1972). A 
solution of radioactive amino acid such as tritiated leucine was injected into cortical 
regions of high neuron density, with a varying transport rate of 5mm-100mm of 
movement per day depending on the slow and rapid phases, respectively. This meant 
animals could be kept alive post-injection on a timescale ranging from a few hours to 
several weeks, directly correlating with the distance that the tracer travels along a 
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pathway. Autoradiography tracings were not the most efficient to visualize, however; 
these required the using of tracing paper and X-Y plotter coupled to the microscope to 
draw on a paper template of the brain. This made autoradiography slow and liable to 
histological approximations, useful for broad white matter pathway projections but not 
well suited for high-resolution brain reconstructions. Ultimately, autoradiography 
selectively demonstrated the trajectory of white matter pathways from the injection 
region to farther termination sites, becoming one of the most widely used methods in 
connectional neuroanatomy during the late 20th century.  
One of the most comprehensive reviews of white matter projections used 
autoradiograph cases by Schmahmann and Pandya (2006), where the authors took 
radiograph images of brains injected with anterograde tract-tracer isotope and hand-
sketched the viewable axons tracts (Schmahmann & Pandya, 2006). This was a 
groundbreaking study where white matter tracts from various pathways were drawn from 
dark-field autoradiograph images from previous studies and overlaid on a template of the 
brain. This illustrated the various pathways observed within single coronal sections in the 
rhesus macaque. These studies are essential for understanding white matter pathways, but 
autoradiography has its limitations. As previously noted, autoradiography requires the 
translation of histological details onto tracer paper to fully visualize the radioisotope-
stained axons in the context of the neuroanatomy. This lack of digitization impeded any 
early reconstruction efforts. However, even with modern digitization techniques, 
autoradiography still has to overcome issues in visualizing. This is particularly true 
concerning contrast, where diffusing radioisotopes can blur the outlines of individual 
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axons. This reduces the effective resolution that can be determined for axon 
morphologies and trajectories. Contrast is also an issue due to the need to capture the 
images in dark-field, which retains image artifacts from the non-axonal components of 
the image. 
Modern methods for selectively staining axon pathways for bright-field imaging 
have used molecular tracers such as Phaseolus vulgaris leukoagglutinin (PHA-L) (Gerfen 
& Sawchenko, 1984; Tourtellotte & Van Hoesen, 1992) and biotinylated dextrans 
(Veenman, Reiner, & Honig, 1992). Of the biotinylated dextrans, biotinylated dextran 
amine (BDA) showed promise for histological axon tract-tracer staining methods (Reiner 
et al., 2000). BDA has several advantages over PHA-L in methodology and sensitivity, 
making it an overall more reliable tracer to work with. Tract tracers like BDA are injected 
into the cortex like a radiolabeled amino acid, but require immunohistochemistry with 
ABC and staining of biotin with DAB to visualize axons. Even with the steps of 
immunohistochemistry, images are in bright-field and require no radiation or manual 
tracing with tracing paper. The specificity of nickel-DAB and the fidelity of BDA tract 
tracing make this method one of the cleanest and high-contrasting procedures available 
for selectively labeling axon tracts (Reiner et al., 2000). 
 
Specific Aims and Objectives 
 
The answer to the bundle orientation controversy requires histological verification 
and validation of MR tractography data from DSI.  Histological data would have to be 
selective for a particular pathway which can then be properly compared with the same 
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MR tractography pathway in the same brain. This would enable an accurate visualization 
of any differences between the two sets of “identical” tracts. Tractography is a 3D data 
set, however, and would therefore require a 3D version of the histology for this 
comparison. The axons of sequential coronal sections would have to be connected in the 
z-axis to their immediate rostral and caudal sections for the entirety of the brain. This is 
precisely what this study sought to accomplish. The current study used the brain of a 
rhesus macaque monkey with previous DSI recordings. We chose the motor cortex due to 
the extensive prior research devoted to understanding this pathway, and for its readily 
proliferating system optimal for BDA tract tracing throughout the brain (Schmahmann & 
Pandya, 2006). Histology with selectively stained BDA/nickel-DAB sections has been 
accomplished previously, but our work expands its use for high-resolution imaging of 
each coronal section throughout the whole brain and reconstruction of the sections 3-
dimensionally. By merging techniques and methods from histological processing, 
photomicrography, and MRI processing, we were able to reconstruct the motor pathway 
in the rhesus monkey brain at a higher resolution than is currently possible with non-
invasive imaging methods. The DSI information will allow for future comparison 
between MR tractography and histology 3D reconstruction data, enabling a more 
sophisticated interpretation of current tractography and non-invasive imaging techniques. 
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METHODS 
 
Subjects 
 
All tissue used in this project was collected from the animal BM097, a 13 year old 
male rhesus macaque primate (Macaca mulatta). The subject came from Yerkes National 
Primate Research Center at Emory University, where health records verified BM097’s 
age and validated his health as free from pathologies that could affect neural function. 
BM097 was not used in any other experiments before arriving to our laboratory. Upon 
being utilized in this study, the monkey was kept at the Laboratory Animal Science 
Center at Boston University Medical center. This animal care center is fully accredited by 
the Association for the Assessment and Accreditation of Laboratory Animal Care 
(AAALAC). Animal procedures and protocols in this study followed the approved 
guidelines of the National Institutes of Health and the Institute of Laboratory Animal 
Resources Commission on Life Sciences’ Guide for the care and use of laboratory 
animals (Institute of Laboratory Animal Resources Commission of Life Sciences, 1996). 
The Institutional Animal Care and Use Committee at Boston University approved all 
procedures and protocols used in this study. Our subject underwent standard clinical 
scans to show any gross anatomical abnormalities. No pre-existing brain damage was 
observed under the use of clinical MRI scans. 
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Tract Tracers 
 
 The tract tracer used with BM097 was BDA (10kD molecular weight). BDA is 
capable of both retrograde and anterograde transport, but using high molecular version 
(10kD) leads to a significantly greater diffusion of BDA in the anterograde projections. 
BDA has the sensitivity of amine-conjugated dextrans and the permanence of biotin once 
coupled with a biotin-specific stain. BDA offers not only selectivity but ease of use, for it 
requires only an ABC procedure coupled with a DAB reaction to visualize it, whereas the 
anterograde tracer PHA-L generally requires a two- to three-step immunohistochemical 
procedure (Reiner et al., 2000). In this project, BDA was labeled using chromogenic 
methods with avidin-peroxidase, ultimately revealing the stain with nickel-DAB 
chromagen. These dextrans are useful for finely detailing entire axons over long 
projections, enabling the verification of connectivity. 
 
Neurosurgery and Tract Tracer Injections 
 
 BM097 underwent survival neurosurgery in order to inject the anterograde tract 
tracer biotinylated dextran amine (BDA) into Area 4 of the subject’s left primary motor 
cortex. The survival surgery was performed in aseptic conditions in a dedicated surgical 
suite. Ketamine hydrochloride (10/mg/kg) was used to sedate the animal, and the subject 
was anesthetized with isoflurane (1-3%). BM097 was under constant intravenous saline 
drip during the surgery, and the health parameters of the subject were monitored via heart 
rate, respiration, oxygenation, and muscle tonus. Using a stereotactic apparatus to 
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stabilize the head, a midline incision was cut with the reflection of the temporalis muscle 
to reach the cranium. Previous T1 MRI scans identified the location of the desired sulci 
and gyri around Area 4 of the left primary motor cortex. Following a craniotomy to 
expose these desired neuroanatomical regions, 5 injections with a volume of 0.10 
microliters of BDA solution were injected into Area 4 using a 5 microliter Hamilton 
syringe. After completing the injection, the dura and was closed and the bone flap 
replaced, and the wound was sutured in multiple layers. Both prophylactic antibiotics and 
analgesics were administered to the subject. BM097 was monitored carefully for the first 
24 hours after the surgery, and then was observed daily for a week before removing the 
sutures. The subject was allowed 5 weeks of post-surgery recovery before euthanization 
in order to maximize the anterograde movement of BDA along the motor cortex 
pathways from the injection site to the spinal cord. 
 
Perfusion-Fixation and Brain Processing 
 
 In preparation for perfusion, BM097 was sedated with ketamine (10mg/kg) and 
anesthetized to a surgical level with sodium pentobarbital (35mg/kg). The subject’s head 
was stationed in a stereotactic apparatus in the coronal plane. Until the lethal dose was 
administered, heart rate, oxygenation, and body temperature were monitored to ensure 
they were kept within healthy parameters. A lethal dose of sodium pentobarbital was 
injected into the animal (3.5ml) and the chest cavity was opened for the transcardial 
perfusion. The brain and body was first perfused with 4 liters of Krebs buffer at 4°C in 
order to clear the vasculature of blood. Using this quantity of cold Krebs buffer serves to 
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eliminate blood from the brain and to slow the rate of anoxia induced proteolysis in the 
tissue. Once the 4 liters of Krebs buffer had been used, the perfusion solution was 
switched to 8 liters of 4% paraformaldehyde at 37°C for brain tissue fixation. The 
warmer temperature serves to fix the rest of the brain in a rapid process. 
Paraformaldehyde fixation was utilized about 4 minutes after starting the Krebs flow for 
perfusion. MRIs for tractography and neuroanatomical data were collected ex vivo at the 
connectome scanner at Massachusetts General Hospital 
 
Whole Brain and Serial Section Processing  
 
 The brain was severed from the spinomedullary junction in the spinal cord after 
perfusion and removed from the skull. The brain was weighed to the nearest tenth of a 
gram, and its volume was measured via fluid displacement to the nearest tenth of a cc. 
The brain was then photographed from every angle using a calibrated scale. The brain 
was cryoprotected in buffered glycerol, first in a 10% followed by a 20% solution with 
2% DMSO, and then flash frozen at a temperature of -75°C. Using this method tends to 
ameliorate the effects of freezing artifact, drastically reducing shrinkage effects that can 
be seen with sucrose cryoprotection (Rosene, Roy, & Davis, 1986). These methods have 
been demonstrated in previous and ongoing studies as compatible with the 
immunohistochemical and histological procedures used in this project. 
 Frozen brain sections were cut in the coronal plane using a frozen sledge 
microtome. The brain was organized into serial sections by cutting it into 8 interrupted 
series consisting of sections 30µm thick, and one interrupted series consisting of sections 
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60µm thick. The series are spaced out such that each contains sections that range the 
entire brain at distances 300µm from each other. The 60µm and one 30µm series were 
mounted onto gel subbed slides immediately after sectioning. These sections were stained 
with thionin to act as a reference series, providing pathological and quantitative 
histological information on any selected region of the brain. The rest of the 7 series were 
sectioned and collected in vials filled with a mixture of 15% glycerol and 0.1M 
phosphate butter. The vials were stored at –80°C until needed for immunohistochemical 
analyses in future studies. These sections are preserved in this manner indefinitely 
without compromising tissue quality or immunohistochemical capabilities over time. This 
study uses a ¼ of series 7, with tissue sections spaced at distances of 1200µm.    
 
Tissue Staining and Coverslipping 
 
A VECTASTAIN Elite ABC Kit (Standard*) procedure with nickel-DAB 
chromagen reaction was used to selectively stain for the injected BDA. Tissues were 
gently thawed in warm water or in a cold room overnight. The sections were removed 
from their vials and washed in 3 rounds of 0.05M tris-buffered saline (TBS) for 10 min 
each round. We then quenched the sections of any naturally persisting peroxidase using 
0.5% H2O2 in a 0.05M TBS Solution 30 min. During this period, the AB solution was 
prepared. The stock solution was prepared using 0.05 TBS and 1% Triton X. This 
preparation was incubated on a rocker for at least an hour. After the tissue was quenched, 
we washed it in TBS for 3x10min rounds before soaking it in the ABC solution for 
45min-60min. Once completed with ABC, the tissues were washed in 3x5min rounds of 
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0.05M TBS, then switched to a buffer wash of 0.175M sodium acetate solution for 
3x5min. The sections were then placed in the sodium acetate based nickel-DAB solution 
for 17min, until the injection sites were visibly stained black. The tissue was then washed 
in 0.175M sodium acetate for 3x5min rinses, then rinsed with a last wash of 0.05M TBS 
for 3x5min. Tissue was kept in 0.05M TBS buffer until mounted. The sections were 
mounted on gel-covered slides with precision and care made to center the sections as 
much as possible, as this would aid in future alignment for the 3D reconstruction. Slides 
were then counterstained with neutral red for 60 seconds, dehydrated in ethanol solutions, 
and coverslipped in xylene. Slides were left to dry for at least 3 days before cleaning with 
xylenes and using them for image capture. 
 
Image Processing 
 
 Images were captured using a Mamiya Leaf Credo 80MP mounted on a Nikon 
MultiPhot using a 65mm lens at 6x magnification. Shutter time was 1/120th of a second 
and was controlled by a manual switch. The MultiPhot and its components are shown in 
image 1. Pictures were taken on greyscale and at near-overexposure levels of light in 
order to maximize the contrast between the nickel-DAB stained axons and the 
counterstained tissue. Each section was captured in 60-80 images taken in a left-to-right 
zig-zag pattern. The images were 6mm in the x-axis and 5mm in the y-axis, and the 
section was moved in these quantified increments via a custom microscope manipulator 
added to the MultiPhot stage. Images of this size and magnification allowed for a 30% 
overlap between images on every side, dramatically improving photo-stitching accuracy. 
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This sequential image magazine was fed to the panorama stitching program PTGui, 
recreating a high-resolution image of the entire section. Due to size restrictions, images 
were exported at a width of 20,000 pixels as a TIFF file. This produced a file of about 
1GB in size while maintaining excellent resolution. Each panorama image was 
transferred to Photoshop in order to further enhance the contrast of stained axons, and 
reduced to 70% transparency to help with the 3D reconstruction efforts. Current methods 
use the inverted color scheme of the bright-field images to create sections with bright 
axons and dark backgrounds. Ongoing work includes using direct bright-field images in 
the 3D reconstruction protocol. 
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Figure 1. The Nikon MultiPhot Microscopy Apparatus. This is the imaging apparatus that 
was utilized to capture all images used in this project. Each number corresponds to the 
following components: 1). Lamp housing, 2). Custom microscope manipulator, 3). Shutter 
control cable, 4). Mirror tilting knob of condenser, 5). Stage vertical motion knob, 6). Fine 
focus knob, 7). Condenser lens, 8). Photographic lens, 9). Cable release input with custom 
holder, 10) Bellows type 1, 11). Guide rail vertical motion crank, 12). Guide rail 
magnification indicator line, 13). Mirror reflex housing, 14). Mamiya Credo Leaf 80MP 
Camera 
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3D Reconstruction 
 
 In order to reconstruct the tissue sections, the developed protocol took advantage 
of already developed techniques from MRI. The fully modified and semi-transparent 
sections were opened as a sequence stack using Photoshop with automatic alignment 
enabled. This image stack was saved as a Digital Imaging and Communications in 
Medicine (DICOM) file, which is commonly used in MRI analysis and other imaging 
data. This was done by loading the edited TIFF files from the sequence we desired using 
the Image Stack process in Photoshop, then saving as a DICOM file. This stack was then 
added to the program 3D Slicer as a new volume, then saved as a NifTI.gz volumetric 
file. Using the FMRIB Software Library (FSL), the thickness of each individual section 
contained within the DICOM stack was thickened from 0µm to 1200µm in the z-axis. 
This was done by typing “fsledithd” into the open text box of the MAC OS terminal 
window, then dragging the desired NifTI.gz file next to the command and pressing enter. 
The process to increase thickness required increasing the number allocated to “dz,” which 
is the z-dimension. Errors could have occurred up to this point, and checking the “nx,” 
“ny,” and “nz” values help verify the fidelity of the process. The “nx” and “ny” should 
equal the width and length of the images in pixels, and the “nz” should equal the number 
of images loaded into each stack. Each image was originally taken in 2D, so adding 
thickness to the section is necessary for a 3D reconstruction. The thickness of 1200µm 
was chosen because that is the distance between each section in the current 
reconstruction. This methodology uses each 30µm section to approximate the axon tracts 
and neuroanatomy of the encompassing 1200µm-thick region. The modified NifTI.gz file 
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is then loaded as a new volume in 3D Slicer and converted into a DICOM series in a new 
folder. Each DICOM image is now in sequential order and has a thickness of 1200µm. 
This DICOM series is opened via Osirix, a bio-imaging program often used to visualize 
MRI data. This was done by selecting the tool bar shown as a “cog,” then choosing 3D 
volume rendering. Using 16-bit imaging and the contrast enhancer tool in Osirix, the 
axons could be visualized projecting from the injection site to spinal cord in the z-axis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 21
RESULTS 
 
Overall Brain Reconstruction 
 
 The histological brain reconstruction consists of 39 sections of 30µm thickness, 
spaced 1200µms apart. Figure 2 demonstrates a coronal face of 5 reconstructed sections 
with the axons in yellow. The majority of the stained axons from the injection site project 
in the anterograde direction of the motor pathways. As anticipated, there was also modest 
retrograde transport of the BDA from the injection site to more rostral regions. The 
injection site was in Brodmann Area 4, corresponding to the right hand motor area. The 
regions around the injection bundle show the axons organizing in multiple cord 
projections, often overlapping each other in a lattice grid. Figure 6 shows this 
overlapping directionally of individual axon fibers and the different tracts that they 
belong to. From the injection site, there are four main projections from of the axon 
bundles: the corpus callosum, the internal capsule, the subcortical bundle, and the 
postcentral gyrus. Projections toward and inside the corpus callosum are most evident in 
the regions adjacent to the injection site, both rostrally and caudally. These axons project 
further into the right hemisphere, but their presence is too sparse to definitively determine 
their endpoints (Figure 2). At the caudal regions of the injection site, prominent 
longitudinal axon projections enter the internal capsule (Figure 3). These projections 
progress further toward the pons bundle, where the majority of stained axons are seen at a 
distance of about 10mm from the injection site (Figure 4). In the most caudal sections, 
the pons bundle projects into the spinal cord, where BDA-labeled axons can still be 
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visualized. In the caudal projections 2-3mm from the injection site, a bundle of axons 
curve about the central sulcus towards the postcentral gyrus, likely terminating in areas 1 
and 2 (Figure 3). The internal capsule is present through most of the caudal sections, for 
about 6-8mm from the injection site. These longitudinal bundles lead to the putamen, 
visualized as transverse axonal sections. Another region showing transverse axonal 
section is the thalamus, where axons projected there via the thalamic bundle (Figure 2). 
This reconstruction gives a novel view of not only histological tract pathways, but also a 
more complete representation of individual fiber trajectories in the rhesus monkey brain. 
 
Comparison between 3D Reconstruction and Source Images 
 
 Figure 2 shows the overall reconstruction process using 5 sections of tissue 
around the injection site. Using these sections, we can see stained axons just around the 
injection site in the most rostral sections to axons heading towards the pons bundle in the 
most caudal sections. We can delineate individual axons in this 3D reconstructed process, 
as shown in Figure 6. Due to the nature of overlapping several sections, noise can be 
amplified in the spaces between axons. The reconstruction itself is shown in Figure 7, 
where we can see axon reconstruction in the z-dimension at a 30° tilt, showing axon paths 
through five sections. Individual connections between axons are imprecise, but fiber bundle 
projections can be still visualized on a higher resolution than seen previously. We did not 
experience any loss of contrast by using inverted images, as can be seen between Figures 6 
and 7, but this process inevitably added noise that can interfere with axon identification. The 
alignment process can be seen in Figures 2 and 5. 
 Figure 2. Coronal Face of 3D Reconstruction
reconstructed images, encompassing 6mm of tissue 
facing the most caudal section in this reconstruction, with the most rostral section be
further beneath the current plant of section.
color. Arrow 1 points to the injection site, which is saturated with the stain. 
the axon projections from the injection site, at this point in
capsule. Arrows 3 and 4 show the presence of BDA in the ipsilateral and contralateral 
thalamic nuclei, respectively
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. This image faces section 977 in the series of 
surrounding the injection site. We are 
 All stained area is demonstrated as a dark yellow 
Arrow 2 shows 
 space passing through the internal 
. 
 
ing 
  
 
 
 
Figure 3. 2D Bright-Field Coronal View of Section 1017
about 3mm caudal to the injection site. Remainder of the BDA injection can be seen at arrow 
1. Arrow 2 shows the sub-
their destinations. Arrow 3
in the postcentral gyrus. Arrow 4 shows the majority of labeled projections inside the internal 
capsule. Arrow 5 indicates the start of the pons bundle, where most of the labeling 
accumulates until it exits the brain via the spinal cord.
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. This figure shows 
cortical region where differing bundles cross each other towards 
 points to tracts projecting towards the central sulcus,
  
 
a 2D section 
 terminating 
  
 
 
Figure 4. 2D Bright-Field Coronal View of Section 1217
about 6mm caudal to the injection site. 
can be seen at arrow 1. Arrow 2 shows the
capsule. Arrow 3 demonstrates the accumulation of label at
BDA labeling is observed before leaving 
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. This figure shows 
No large remaining presence of the BDA 
 few remaining labeled tracts within 
 the pons bundle, where most 
the brain. 
 
a 2D section 
injection 
the internal 
  
Figure 5. 3D Reconstruction Injection Site
BDA are seen at a higher magnification. Arrow 1 points to the highly concentrated injection 
site, with arrow 2 pointing to axons tracts 
referred by the third label shows
never precisely align since the brain is at different sizes at these different section locations, 
but alignment could still be improved.
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. This figure shows how the axons and stained 
projecting outwards from cortex. The space
 the overlapping edges of the different sections. These will 
 
 
 
 Figure 6. 3D Close-Up Through 
the reconstructed images as demonstrated by arrows labele
sectioned in this image, but many of the bright surrounding specks are in fact transversely 
sectioned axons. This image is faced looking down into section 977, so many of the axons 
seen are from the most rostral sections underneath. 
section. This will be used as a reference to upcoming figures.
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Section 977. Individual axons tracts can be 
d 1. These tracts are longitudinally 
Arrow 2 shows a hair artefact left on this 
 
 
clearly seen in 
 Figure 7. Z-Dimension Close
regions as Figure 4 but at a 30
allows the visualization of the 3D reconstructed portions through the 5
labeled 1 show previously determined longitudinally cut axons as extending into the z
dimension. Many of the pillars surround
reconstructed in the z-dimension. Arrow 2 points to a hair artefact, which se
reference point between the 
keep artifacts from the sections, since these will be reconstructed in 
28
-Up Through Section 977. This image comprises the same 
° shift of the right of the image into the plane of section. This 
-section sheet. 
ing these axons are 2D transversely cut axons 
presented figures. This is also an important demonstration to 
the process.
 
 Arrows 
-
rves as a 
 
 Figure 8. 2D Inverted Edited Image of Section 977
described in figure 4, but only using section 977. Fewer axons are seen because there are no 
sections beneath giving the full volumized view of tr
inverted greyscale image from the original bright
densities facilitated compatibility with the 3D reconstruction programs 
clearly distinguished axon fibers turning away from cortex, and arrow 2 shows the reference 
artifact.  
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. This image show the 
acts around the injection site. This is the 
-field picture. Using inverted brightness 
Arrow 1 points to 
 
same region as 
  
 
Figure 9. 2D Edited Bright
maximized bright-field picture of section 977.
with the inverted version of the same image. Arrows 1 points to the individually labeled 
fibers emanating from cortex and projecting towards the internal capsule. Arrow 2 points to 
the reference artifact. 
 
 
 
 
 
 
 
 
 
 
30
-Field Image of Section 977.  This image shows the 
 This image shows the same level of contrast as 
 
contrast-
axon 
 Figure 10. Comparison of Coronal Face in 3D, 2D Color Inversion, and 2D Bright
Field.  This image compares the 3D reconstruction image of section 977 with the 2D inverted 
color image and 2D edited bright
to the inability to clearly discern axons from noise compared to bright
noise is amplified in the 3D reconstruction.
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-field image. Color inverted images are less than ideal due 
-field p
 
 
 
-
ictures. This 
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DISCUSSION 
 
Comparison to Previous Reconstruction Attempts 
 
 This 3D brain reconstruction is the first step to compare high-resolution histology 
of the motor pathway in 3 dimensions with the tractography modeling of DSI. Perhaps 
the greatest effort in the study of axonal pathways comes from Fiber Pathways of the 
Brain (Schmahmann and Pandya, 2006), where axons were distinguished via anterograde 
radiograph tracer labeling. The reconstruction most closely follows the axon bundle path 
of Case 26 in the book, which is the hand representation of the motor pathway. This is 
not surprising considering our aim to inject the BDA tracer in the same location on the 
contralateral hemisphere, in Area 4. Using BDA as a tracer offers many advantages over 
autoradiography. First and foremost is the ability to achieve high-resolution images in 
bright-field microscopy with no degradation of the axon stain over time. Microscopy 
needed for brain reconstruction takes time, and radioisotopes can lose their signal 
strength over time. The resolution for autoradiography is also not as fine as BDA tract 
tracer stains, with radiograph resolving to about 25µm and BDA resolving up to the axon 
diameter, ranging from 0.1µm to 1µm (Reiner et al., 2000). Autoradiography is useful for 
determining the broader trajectories of entire pathways, but has difficulties distinguishing 
individual axon fibers (Cowan et al., 1972). BDA demonstrates exquisite staining of 
individual fibers, but has previously been regarded as impractical for whole-pathway 
analyses (Schmahmann & Pandya, 2006). With advances in high-resolution bright-field 
microscopy and BDA protocols, we are now able to digitally image the hand-motor 
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corticospinal pathway at the most exquisite detail yet achieved. There is no “middle man” 
problem of transferring image data to hand-drawn templates as was the case in Fiber 
Pathways of the Brain; the reconstruction uses images of stained axons precisely where 
they occur in the macaque brain anatomy.  
This histological reconstruction offers many advantages to non-invasive MRI 
techniques. In a recent use of high-resolution DSI, Wedeen et al. achieved an isotropic 
resolution of 400µm – 500µm in their animal specimens (Wedeen et al., 2012b). This is 
fine enough to reconstruct the estimated trajectories of small white matter bundles, which 
they determined as being organized in an orthogonal grid lattice not only in 2D coronal 
sections, but in 3D as well. However, Catani et al. argued that these findings could be the 
result of noise accumulation, artifacts in the voxel-filling methodology to determine what 
was an “axon” and what was noise (Catani et al., 2012). Wedeen et al. responded by 
indicating the sophistication of the DSI and mathematical models used function with 
enough resolution to be accepted as the current best approximation (Wedeen et al., 
2012a), these are still the best approximations until otherwise validated by histology. 
Indeed, the sharp turns contested in this discourse were supported by histological 
evidence from drawings by W.J.S. Krieg, 1954, and by smaller scale 3D histological 
reconstructions provided in the original Wedeen et al. submission (Wedeen et al., 2012b). 
However, definitive bundle trajectories of the motor pathway require a large-scale and 
high-resolution histological 3D reconstruction. The 6mm x 5mm images taken in this 
project offer 80MP over that field, but for size restrains the entire section is exported with 
a width of 20,000 pixels. This resolution still leaves individual axons clearly visible and 
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un-pixelated at 6x magnification. In the 2D coronal dimension, this is a drastic 
improvement over the 400µm – 500µm resolution in the DSI analysis used in Wedeen et 
al. However, the sections are still separated by a real distance of 1200 µm, which offers 
less effective resolution in the z-dimension. Further components of this project include 
digitizing and volumizing a full series of brain tissue, which involves a section per every 
300 µm, granting the reconstruction a greater resolution in every dimension than the most 
sophisticated DSI techniques currently available. 
 
MultiPhot Apparatus and Methodology 
 
There are three major challenges that we have encountered in this reconstruction 
of the brain: 1) contrast between the stained axons and the rest of the image, 2) correct 
alignment between sections, and 3) reconstructing individual axon connectivity. The task 
of 3D reconstruction requires acute attention to detail in every step of the histological 
procedure. Every one of our actions during this project was aimed at addressing these 
issues, so a discussion of the methodology is clearest when presented from the 
perspective of our aims. 
Contrast: 
The current reconstruction methodology uses FSL to give the appropriate 
“thickness” to the 2D imaged sections. When this image stack is fed into Osirix, the 
program creates a volume of any contrasting color presented on the image. This means 
that if any dust or hairs were present in the actual slide, it would be reconstructed in the 
final product, adding noise that could obscure axonal visualizations. Indeed, preserving 
 35
the contrast between stained axons and the rest of the image is a central challenge we 
have continued to address. The best method to preemptively avoid such issues is to take 
care during the mounting and coverslipping portions of the tissue preparation. Tissue 
must be mounted and let dry in an enclosed environment with minimal exposure to dusty 
air. Once dry, the tissue can be let to soak in the hydration phase for a few minutes longer 
in order to remove any dust or hairs that may have accumulated post-mounting. However, 
this also has to take into consideration the fact that the tissue will peel off the slide if 
hydrated too thoroughly.  
The nickel-DAB procedure stains the axons maximally with very little 
background noise. The projections are easily visible, but the anatomical context cannot be 
seen with such transparency. In order to visualize the context of the stained axons, we 
counterstained with neutral red. Our procedure only dipped the slides in neutral red for 60 
seconds, garnering a slight pink stain once coverslipped. Even though this was a minimal 
stain, we believe that the staining time can be reduced even further while still maintaining 
some visibility of the greater histological features of the brain. This would serve to 
increase the contrast of the BDA-axons while still visualizing their location in the context 
of the neuroanatomy. Coverslipping without any scratches on the glass or any air pockets 
is of supreme importance; as with any other contrasting blemishes like dust or hair, air 
pockets and scratches will be recreated by the volumizing program along with axons. 
After tissue preparation and coverslipping, image capturing and editing offers 
solutions to increase the contrast of axons. In the bright-field microscopy protocol, the 
nickel-DAB-stained axons absorb light and are seen as a black color. Any object in the 
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image at the same color and light absorption as the axons will be volumized, unless 
manually removed by photo editing. Objects in the image that absorb less light than the 
axons can be removed by increasing the light intensity and reducing the exposure time of 
the captured image. We used a short exposure time of 1/120 second to reduce background 
noise; only the darkest images would be captured, creating a first level of high-pass noise 
filter. Using high-level lighting also removed particles of lesser intensity from the final 
image. Using the MultiPhot and Mamiya Leaf together also brought about light 
sensitivity issues. Since the light box for the MultiPhot is separate from the stage and 
must be adjusted manually, there is sometimes an “intensity drift,” where the light 
brightness at the beginning of the image for one brain section is different from images 
further down the same section. This discrepancy in uniform brightness becomes an issue 
when 60-80 coherent images are required for one section. Final contrast adjustments were 
made with Photoshop “Levels,” where anything besides the darkest of axons were 
contrasted out of the image. Unfortunately, this does lead to a loss of the lighter-staining 
axons in the section. Overall, taking care at each of these steps enabled clear sections that 
mostly visualized axons and the brain anatomy. 
Correct Alignment Between Sections: 
 The section-by-section image reconstruction only works if the images are 
properly oriented and aligned with each other in a sequence. This process requires even 
more care to the mounting of the tissue, relating to the orientation, the fidelity, and the 
quality of the mounted tissue section. The orientation refers to the orientation of the 
section in reference to all the sections before and after it. By keeping each section level to 
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its anatomical representation as a part of the brain, it will save invaluable time during the 
editing process in aligning each section. The hemisphere must not only be correct 
concerning left vs. right sides, but must also be mounted with a uniform spacing. This is 
the fidelity aspect of alignment: if the hemispheres of one section are mounted slightly 
farther apart from each other than the previous section, it will be extremely difficult to 
edit the section image spacing to have proper connectivity between hemispheres. 
Consistency is critical to maintaining uniformity; section spacing must match the rostral 
and caudal sections to keep this fidelity. The final aspect of alignment during mounting is 
the quality of the mounting. Tissue should not have any folds or visible tears for ideal 
reconstruction. This distorts the spacing of the anatomical features of the section, leading 
to a distortion in the section’s fidelity. Sometimes tears are unavoidable or simply present 
in the tissue due to the sectioning process. However, these tears and pieces must be put 
together as cleanly as possible in order to achieve a successful reconstruction. This often 
means continuous attention to the tissue until it is fully dry, which can take up more time 
than other mounting procedures. 
 Once coverslipped, alignment is further enabled by the custom microscope 
manipulator attached to the stage of the Nikon MultiPhot. The standardization of tissue 
orientation is preserved with the manipulator, which takes the same 6mmx5mm images 
on the same coordinates for all sections. Images will be captured in the same orientation 
as they were mounted. The stitching program PTGui allows for orientation of the 
finalized panorama on a grid, which enables final orientation edits before saving the files 
as a whole section. After this point, Photoshop aligns final edited images using the Image 
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Stack process. This is the same Image Stack output used for the actual volumization 
protocol. 
 Reconstructing Individual Axon Connectivity: 
 Increasing the axon contrast and maintaining correct alignment between sections 
both serve to improve axon connectivity. Besides those two major factors, the resolution 
and focus of the axons is important in determining visualized axons as axons and not 
noise. The premise of using the Mamiya Leaf Credo and Nikon MultiPhot was to create 
the largest image possible with the highest resolution possible. However, the highest 
resolution also required the highest magnification. Images with a field of 1.5mm x 1mm 
produce perfectly distinguishable axons, but would also require 1280+ images per 
section. Considering the size of each 80MP picture is 250MB, this is as unrealistic in 
application as it is in acquisition. After various attempts of finding a balance between 
resolution and image number per section, we found that 60-80 picture per section was 
ideal. The 6mm x 5mm field gave a magnification of 6x, enough to clearly distinguish 
axons in the images. Using the manipulator, 60-80 images is not tedious when the fine 
focus and lighting aspects are optimized. However, we found that using the fine focus 
with the Mamiya Leaf Credo and Nikon MultiPhot was challenging. The camera has a 
live video feed that can be utilized for fine focus adjustments before images are captured. 
Unfortunately, a finely focused axon in the video feed would often show up as blurry in 
the actual images. This meant that in order to acquire axons in focus, the fine focus had to 
be slightly manipulated in clockwise and counterclockwise rotations as we captured 
several images. Just as with the light “intensity drift,” we encountered a “focus drift” 
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between images and between sections. As laborious as this process was, the end result 
was a consistent series of images that represented the axons in focus with the brain 
anatomy. We continue to seek out methods to improve the efficiency of the fine focus 
process. 
 The reconstruction of axons relies on the segmentation of the “thickened” sections 
in the reconstructed series. Each section is artificially thickened, using the 2D image 
information and making the entire z-dimension of the section as a copy of the image. This 
process allows the visualization of axon tracts in 3D, but also loses the resolution of 
individual axonal directionality. Using FSL to thicken the sections and then volumizing 
the series creates a staggered representation of the axon tract, with lost resolution to 
individual axon turns in the z-dimension. We are currently unable to precisely align 
individual axons from one image to the next; only the stained axon group is volumized 
and reconstructed in a more coarse fashion. However, despite the imperfect connectivity 
and resolution, this method still has two advantages to DSI techniques: 1). the resolution 
is still greater than even the most sophisticated current models, and 2). this process uses 
real histology. All the DSI studies using non-invasive imaging techniques are still using 
approximations for axonal reconstruction. Sophisticated DSI models show very closely 
the axonal organization, but they still take into account estimations in voxel creation that 
can still be interfered with by noise. This reconstruction method also has advantages over 
previous histological reconstructions such as Dauguet et al. (2007) due to the fact that by 
using BDA, we have the potential to analyze 3D connections at the individual axon level. 
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Conclusion 
 
 This histological 3D reconstruction is a necessary step in addressing the overall 
problem affecting non-invasive diffusion tractography techniques such as DSI: the lack 
of a large-scale high-resolution 3D histological validation. With more advanced BDA 
protocols and tissue imaging techniques, the validation of DSI tractography white matter 
bundle orientations has now become achievable. This project represents the first effort of 
a histological 3D reconstruction of this magnitude, and the results are promising. With 
continued refinement of the alignment and volumizing protocols, we believe we can 
further improve the reconstruction to show individual axon connectivity in the 3D 
histological reconstruction. Future efforts will continue this vein of improving axonal 
contrast and connectivity between sections, with the ultimate goal of comparing the 
finalized histological reconstruction to the DSI data collected on the specimen prior to 
perfusion. 
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